In this study, the application of eucalyptus essential oil/vapour as beverages preservative is reported. The chemical composition of eucalyptus oil was determined by gas chromatography-mass spectrometry (GC-MS) and solid phase microextraction GC-MS (SPME/GC-MS) analyses. GC-MS revealed that the major constituents were 1,8-cineole (80.5%), limonene (6.5%), -pinene (5%), and -terpinene (2.9%) while SPME/GC-MS showed a relative reduction of 1,8-cineole (63.9%) and an increase of limonene (13.8%), -pinene (8.87%), and -terpinene (3.98%). Antimicrobial potential of essential oil was initially determined in vitro against 8 different food spoilage yeasts by disc diffusion, disc volatilization, and microdilution method. The activity of eucalyptus vapours was significantly higher than the eucalyptus oil. Minimum inhibitory concentration (MIC) and minimum fungicidal concentration (MFC) varied from 0.56 to 4.50 mg/mL and from 1.13 to 9 mg/mL, respectively. Subsequently, the combined efficacy of essential oil and thermal treatment were used to evaluate the preservation of a mixed fruit juice in a time-dependent manner. These results suggest eucalyptus oil as a potent inhibitor of food spoilage yeasts not only in vitro but also in a real food system. Currently, this is the first report that uses eucalyptus essential oil for fruit juice preservation against food spoiling yeast.
Introduction
Eucalyptus is an evergreen, tall tree, or shrub, belonging to Myrtaceae family. Although it is native to Australia and Tasmania, nowadays it has extensively spread to other countries [1] . The genus Eucalyptus contains about 700 species; among them, more than 300 contain volatile oils in their leaves. Essential oils of various eucalyptus species are used in the pharmaceutical, toiletries, cosmetics, and food industries [1] . These broad applications are due to the antiseptic, antihyperglycemic, anti-inflammatory, flavouring, and antioxidant properties of the molecules present in the oil [2] . The antimicrobial activity of eucalyptus oils has been found to vary significantly within microbial species and within microbial strains. The strong antimicrobial activity may be directly associated with their major compounds in the oil (such as 1,8-cineole and -pinene) or with the synergy between the major and minor constituents [3] . Previous results reported that Gram positive bacteria are more susceptible than Gram negative bacteria; moreover, activity against fungi and yeasts (Candida albicans and Saccharomyces cerevisiae) has also been detected [4] . According to one of the reports, Eucalyptus odorata had the strongest activity against bacteria and yeasts while E. bicostata had the best antiviral activity [3] . Although several studies about eucalyptus oils have been published [5] [6] [7] , only few of them evaluated their activity against pathogenic and food spoilage microorganisms [4, 8] . Despite the well-reported antimicrobial activity in vitro, the food industry has applied eucalyptus essential oils mainly as flavouring agents. Therefore, the use of essential oils as preservatives in food has been limited. Because the required concentration against microorganisms is affected by the interactions of the oil compounds with the food matrix components, higher concentrations are needed to achieve sufficient activity. This negatively impacts the organoleptic properties of the final product [9] . To overcome this problem, a promising alternative is the use of a combination of mild temperature treatment with essential oils [10] . A mild thermal treatment, in fact, enhances the antimicrobial efficacy of the essential oil influencing the vapour pressure of the molecules [11] .
In the present study, after a chemical characterization by GC-MS, in vitro effect of eucalyptus oil against 8 different food spoilage yeast species was studied through the disc diffusion method, the disc volatilisation method, and MIC/MFC. Moreover, to evaluate the antiyeast activity in vivo, we employed a real food system based on the preservation of a mixed fruit juice inoculated with S. cerevisiae and stored at room temperature for 8 days. Further, in order to improve the efficiency of the essential oil, the combined effect of oil and thermal treatment was also evaluated in the same real system.
Materials and Methods

Chemicals and Strains.
The essential oil was procured from Erbamea, "olio essenziale naturale," Italy, and stored in an airtight sealed glass bottle at 4 ∘ C till further use. Growth media and Tween 80 were purchased from Oxoid Ltd., Basingstoke, Hampshire, UK, and Merck Schuchardt, Germany, respectively. Different yeast strains (Saccharomyces cerevisiae SPA, Zygosaccharomyces bailii 45, Aureobasidium pullulans L6F, Candida diversa T6D, Pichia fermentans T2A1, Pichia kluyveri T1A, Pichia anomala, and Hansenula polymorpha CBS 4732) were obtained from the strain collection of the Dipartimento di Scienze degli Alimenti, University of Bologna, Italy, and used to evaluate the effect of essential oil. The yeast strains were grown in yeast peptone dextrose (YPD) medium at 28 ∘ C for 24 h in an orbital shaking incubator (Universal Table Shaker 709, Milan, Italy) at 120 rpm.
Gas Chromatography-Mass Spectrometry (GC-MS) and Solid Phase Microextraction-Gas Chromatography-Mass Spectrometry (SPME/GC-MS) Analyses of Eucalyptus Essential
Oil. GC-MS analyses were carried out on an Agilent 7890 gas chromatograph (Agilent Technologies, Palo Alto, CA) coupled to an Agilent 5975 mass selective detector operating in electron impact mode (ionization voltage, 70 eV). A CPWax 52 CB capillary column (50 m length, 0.32 mm inner diameter, and 1.2 m film diameter) was used. The temperature program started from 50 ∘ C and then was programmed at 3 ∘ C/min to 240 ∘ C which was maintained for 1 min. Injector, interface, and ion source temperatures were 250 ∘ C, 250 ∘ C, and 230 ∘ C, respectively. Injections were performed in split mode and helium (1 mL/min) was used as carrier gas. The mass selective detector was operated in the scan mode between 20 and 400 m/z. Data acquisition started 4 min after injection. Five millilitres of 10 ppm solution of the eucalyptus oil was placed in 10 mL vials and the vials were sealed by PTFE/silicone septa. 1 L of the samples was injected directly into the column with a split ratio of 1 : 100. Component separation was achieved following the method described above.
For the SPME analysis, a divinylbenzene-poly(dimethylsiloxane) coated stable flex fiber (65 m) and a manual SPME holder (Supelco Inc., Bellefonte, PA, USA) were used in this study after preconditioning according to the manufacturer's instruction manual. Samples were put into sealed vials for 10 min at room temperature. The SPME fiber was exposed to each sample for 10 min by manually penetrating the septum, and, finally, the fiber was inserted into the injection port of the GC for 10 min sample desorption.
The identification of the molecules was based on comparison of mass spectra of compounds both with those contained in available databases (NIST version 2005) and with those of pure standards (Sigma-Aldrich, Milan, Italy) analyzed under the same conditions.
Antiyeast Activity of Eucalyptus Oil and Vapour
Disc Diffusion Method.
The agar disc diffusion method was employed for the determination of antimicrobial activities of the essential oils [12] (NCCLS, 1997). Briefly, a suspension of the tested microorganism (100 L of 1 × 10 6 CFU/mL) was confirmed by viable counts and spread on the YPD agar media plates. These plates were allowed to dry. Filter paper discs, 6 mm in diameter (Schleicher & Schuell, Germany), were soaked with 10 L of the oil and placed on the inoculated plates and, after storing at 4 ∘ C for 2 h, were incubated at 28 ∘ C for 48 h. Volume of essential oils tested was varied (10, 20 , or 30 L) by using appropriate number of sterile discs. The diameters of the inhibition zones were measured in millimetres.
Disc Volatilisation
Method. Standard experimental setup as described by Ló pez et al. [13] was used. Briefly, a 100 L portion of each suspension containing approximately 10 6 CFU/mL was spread over the surface of YPD agar plate and allowed to dry. A paper disc (diameter 6 mm; Schleicher & Schuell, Germany) was laid on the inside surface of the upper lid and 10 L eucalyptus oil was soaked on each disc. The plates inoculated with microorganisms were immediately inverted on top of the lid and sealed with parafilm to prevent leakage of eucalyptus oil vapour. Plates were incubated at 28 ∘ C for 48 h and the diameter of the resulting inhibition zone in the yeast lawn was measured.
Determination of Minimum Inhibitory Concentration (MIC) and Minimum Fungicidal Concentration (MFC).
Broth microdilution assays were performed as recommended by NCCLS [12] . All tests were performed in YPD agar supplemented with Tween 80 (final concentration of 0.5% v/v). Yeast strains were cultured overnight at 28 ∘ C in YPD broth. Test strains were suspended in YPD to give a final density of 1 × 10 6 CFU/mL. Geometric dilutions ranging from 0.036 mg/mL to 72 mg/mL of the eucalyptus oil were BioMed Research International 3 prepared in a 96-well microtiter plate, including one growth control (YPD broth + Tween 80) and one sterility control (YPD broth + Tween 80 + test oil). Plates were incubated at 30 ∘ C for 48 h. The yeast cell growth was indicated by the presence of a white pellet on the well bottom. The MIC values were determined as the lowest concentration of oil preventing visible growth of microorganisms. MFC was defined as the lowest concentration at which no growth was observed after subculturing into fresh media.
Mixed Fruit Juice Preservation by
Eucalyptus Oil and Thermal Treatment
Preparation of Fruit Juice Mixture Inoculated with S.
cerevisiae SPA. Apples (Golden Delicious) and oranges at commercial maturity were purchased from a local market (Ipercoop, Cesena). After being washed, apples were cut into about 35 × 25 × 5 mm slices and then immersed in 0.2% ascorbic acid solution (to avoid undesirable enzymatic browning during the processing), drained quickly, and made into juices using a blender. After being washed, oranges were peeled off and made into juices. Both juices were mixed in 1 : 1 ratio. The suspension of yeast strain (S. cerevisiae SPA) was mixed with fruit juice mixture to result in final concentration of 10 3 CFU/mL and the inoculated juice mixtures were transferred into 10 mL sterilized glass vials.
Effect of Thermal Treatment.
The effect of thermal treatment was studied by exposing the mixed juice samples at 70 ∘ C for 30, 60, and 90 s. Subsequently, the treated vials were stored at room temperature up to 8 days and samples were drawn on 0, 2nd, 4th, and 8th day.
Effect of Eucalyptus
Oil. 1.0% ethyl alcohol solution of eucalyptus oil was mixed in the inoculated fruit juice mixture at MIC level (4.5 mg/mL), half of MIC level (2.25 mg/mL), and one-fourth of MIC level (1.125 mg/mL). Fruit juice sample inoculated with S. cerevisiae alone was considered as positive control. Subsequently, the treated vials were stored at room temperature up to 8 days and samples were drawn on 0, 2nd, 4th, and 8th day.
Effect of Eucalyptus Oil and Thermal Treatment: Combined Effect.
A set of inoculated fruit juice mixtures vials added with three different concentrations of eucalyptus oil were exposed to thermal treatment (70 ∘ C) for 30, 60, and 90 s. Each condition was treated in triplicate. Subsequently, the treated vials were stored at room temperature up to 8 days and samples were drawn on 0, 2nd, 4th, and 8th day. All treated samples were serially diluted and plated on PDA. The plates were incubated for 72 h at 28 ∘ C and CFU counts were made. The efficacy of the thermal treatment alone and the combination with different doses of eucalyptus oil were quantified in time-dependent manner by the variation in log CFU/mL of the inoculated yeast strains.
Statistical Analyses.
All the experiments were done in triplicate and repeatability was established. Significance of 
Results and Discussion
Chemical Composition of Eucalyptus Oil.
Thirteen compounds were identified by GC-MS for the total of 99.7% (Table 1 ). The major constituents of the oil were 1,8-cineole (80.4%), followed by limonene (6.5%), -pinene (5%), and -terpinene (2.9%). On the contrary, seventeen molecules were detected by SPME/GC-MS for the total of 99.9% ( Table  2 ). The major constituents were the same as the reported ones in Table 1 but with different relative composition: 1,8-cineole (63.9%), limonene (13.8%), -pinene (8.9%), and -terpinene (3.9%). The differences between the chemical contents of oil and vapour and their reasons were also evaluated in our previous reports [4] . As reported in the literature, essential oil of eucalyptus was characterized by very high concentration of 1,8-cineole. Damjanović-Vratnica et al. [14] determined an 85.8% 1,8-cineole in eucalyptus essential oil from Montenegro and reported its significant activity against different bacteria and yeasts. Moreover, Elaissi et al. [3] showed strong antibacterial, antifungal, and antiviral effect of eight eucalyptus oils from Tunisia.
Antiyeast Activity of Eucalyptus Oil.
In this work, the antiyeast activity of eucalyptus oil was evaluated with 8 a reduced activity was detected when using 1,8-cineole alone. This shows that possible synergistic effect of minor and major components determines the final antimicrobial activity of the essential oils [22] . Based on the chemical composition, it can be concluded that the antimicrobial activity of the oil is apparently attributed to its high content of oxygenated monoterpenes.
Disc Volatilisation Method.
The zone of inhibition in yeast strains due to eucalyptus essential oil vapours is shown in Figure 2 . Zone of inhibition due to essential oil vapour increased in a dose-dependent manner similar to disc diffusion method. The inhibition zones observed using 30 L of eucalyptus oil vapours were P. kluyveri (22 mm) < S. cerevisiae (36 mm) < Z. bailii (38 mm) = P. anomala (38 mm) < C. diversa (39 mm) < A. pullulans (42 mm) < H. polymorpha (44 mm). H. polymorpha was the most susceptible yeast to eucalyptus oil vapours since 14, 26, and 44 mm inhibition zones were generated using 10, 20, and 30 L eucalyptus oil vapours, respectively ( Figure 2) . As compared to the oil, the eucalyptus vapours resulted in a significantly larger zone of inhibition ( ≤ 0.05) in all the strains tested. This better result could be attributed to the variation in relative composition of the oil and vapours, as already shown in Table 2 .
MIC and MFC of Eucalyptus
Oil. MIC and MFC of eucalyptus essential oil were determined against food spoiling yeasts ( (Figure 3(a) ). Indeed, only a 0.49 log CFU/mL reduction was observed in samples, subjected to a thermal treatment for 90 sec, after eight days at room temperature. Hence, this kind of treatment was almost ineffective for preserving the juice. A similar pattern was also observed in our previous studies [25, 26] .
Effect of Varying Concentrations of Eucalyptus Oil.
Since eucalyptus oil was able to kill several food spoilage yeasts in in vitro tests, its activity in a real food system (mixed fruit juice) has also been studied. The reduction inviability of S. cerevisiae due to eucalyptus oil treatment in dose-dependent manner (MIC, 1/2 MIC, and 1/4 MIC level) and time-dependent manner (i.e., 0, 2, 4, and 8 days) was evaluated. As shown in Figure 3(b) , a complete growth inhibition was observed in the mixed fruit juice when MIC levels of essential oil were used. However, 1/2 MIC and 1/4 MIC level samples showed a significant reduction in the final number of cells (3.2 log CFU/mL and 6.2 log CFU/mL, resp.) compared to untreated sample (7.2 log CFU/mL). These data represented that the yeast growth has been inhibited in a dose-dependent manner even in food matrix. As previously reported [27] , different essential oils showed an excellent activity against food spoilage yeasts (Saccharomyces cerevisiae, Candida rugosa, Debaryomyces hansenii, Kluyveromyces marxianus, Rhodotorula glutinis, Rhodotorula minuta, Trichosporon cutaneum, Yarrowia lipolytica, and Zygosaccharomyces rouxii). For example, cardamom oil acted as a good antimicrobial agent in real system such as pine apple fruit juice [28] , sweet orange juice [29] , and apple juice [30] . In the present study, it is the first attempt to evaluate the antiyeast potential of eucalyptus oil in fruit juice mixture. In some cases, the natural compounds performed even better than the chemical preservatives [27] .
Combined Effect of Eucalyptus Oil and Thermal Treatment.
The combined effect of eucalyptus oil (at MIC, 1/2 MIC, and 1/4 MIC level) with thermal treatment (at 70 ∘ C for 30, 60, and 90 sec) on S. cerevisiae growth was determined in a time-dependent manner (i.e., 0, 2, 4, and 8 days) at room temperature (Figure 4 ). MIC and 1/2 MIC levels of eucalyptus oil combined with thermal treatment showed complete growth inhibition of S. cerevisiae after two days. In fact, the same growth recovery was also found in samples treated with only eucalyptus oil at 1/2 MIC dose up to eight days of storage. However, the 30 and 60 sec thermal treatments combined with the oil produced a final reduction of 4.5 and 5.16 log CFU/mL, respectively (Figure 4 ), when compared with 3.98 log CFU/mL measured in those treated with essential oil alone (Figure 3(b) ). Finally, the samples with 1/4 MIC level of the oil were not affected by 30 sec thermal treatment, if compared with Figure 3(b) . Nevertheless, the 60 and 90 sec of thermal treatments reduced the growth by 0.89 to 1.90 log CFU/mL, respectively, as compared to the control.
It has been reported that the use of thermal treatment affects the volatile compounds by increasing their vapour pressure, which in turn improves the possibility to solubilize the yeast cell membrane. Though, the use of only one treatment cannot guarantee the microbial stability of the beverages without affecting the final organoleptic properties of the product [31] . The combination of thermal treatment with essential oils offers a very useful synergy whereby increase in temperatures during storage could enhance the vapour phase concentration of volatiles, thereby enhancing the antimicrobial activity for better food preservation [25] . In some of our previous reports [32] [33] [34] , it was also observed that antimicrobial activity of essential oils was higher in vapour phase than in liquid phase, which was observed by different microscopic techniques: scanning electron microscope, transmission electron microscope, and atomic force microscope. Basically, the differences in inhibition of yeast strain obtained from essential oil (liquid phase, direct contact with the culture media) and the vapour can be attributed to the differences in diffusion coefficients of the antimicrobial compounds present in the eucalyptus oil when they have to diffuse in the agar compared to the diffusion in vapour phase [35] . In our study, the oil dose requirement was significantly reduced with the combination of the two treatments. This combination can be used as a better preservative with minimal impact on the organoleptic properties of the beverage. Even our previous studies using a combination of oils (mentha and lemongrass) and thermal treatment have been published [25, 26] ; this is the first report that uses eucalyptus essential oil for fruit juice preservation against S. cerevisiae.
Principal Component Analysis.
In order to confirm the interactive effects between the different variables (concentrations of eucalyptus essential oil and thermal treatments) on the yeast growth, a principal component analysis (PCA) was carried out. Figure 5 reports the PCA loadings plot on the first two factors of the samples. As expected, factor 1 (essential oil concentration) accounted for the great part of variability (about 94%) while factor 2 (thermal treatment) had a limited effect. In particular, four clusters can be identified. In the first, the control juice and the heat treated juices (without eucalyptus essential oil) were grouped. In the second, the juices added with 1/4 MIC thermal treated or not were grouped together. This cluster was characterized by a lower difference compared with cluster 1 in relation to factor 1. This means that the addition of this amount of oil had scarce activity on the effectiveness of heat treatment on yeast viability during storage. At last, clusters 3 and 4 were characterized by pronounced differences with respect to the sample without essential oil. Cluster 3 was formed by juices with 1/2 MIC, not treated and thermal treated for 30 and 60 seconds. The last cluster grouped all the samples having better antiyeast results (juices with MIC level and the sample with 1/2 MIC thermal treated for 90 seconds). The composition of the latter cluster highlights the equivalence of the antiyeast effectiveness of this last sample with the juices containing a double concentration of oil. This fact can allow for obtaining the same antiyeast effect using a concentration of essential oil with a lower impact on organoleptic profile of juices.
Conclusion
The results of this work demonstrated that eucalyptus essential oil could be used as a potential antimicrobial compound against food spoilage yeasts (in vitro and in a real food system). The chemical identification of the different molecules characterizing the eucalyptus oil evidenced the presence of oxygenated monoterpenes responsible for the antimicrobial activity. The use of the combination of eucalyptus essential oil with thermal treatment successfully inhibited the development of yeast (S. cerevisiae SPA) in fresh fruit juices. The results provide an excellent record of eucalyptus oil as antimicrobial agent and suggest its potential application for beverages preservation. Additional studies should be conducted to confirm the potentiality of eucalyptus essential oil in order to use it as a preservative in other food models. Figure 5 : PCA loadings plot on the two first factors of control and treated juice. The clusters generated were as follows. Cluster 1: control juice (1), heat treated juices without essential oil (2, 3, and 4). Cluster 2: juices added with 1/4 MIC heat treated (11, 13, and 15) or not (9) . Cluster 3: juices added with 1/2 MIC not treated (8) or treated for 30 (10) and 60 (12) seconds. Cluster 4: juices added with MIC treated or not (5, 6, 7, and 16) and juice added with 1/2 MIC treated for 90 seconds (14) .
